We have conducted an experimental and theoretical study on first-and second-order Raman scattering of zinc blende and wurtzite ZnS. Based on the calculated phonon band structure, phonon density of states, and symmetry selection rules, we have clearly identified for the first time the origins of these vibration modes in the second-order Raman spectra from these two polymorphs. For zinc blende ZnS, it is found that the previously estimated frequency of the LA mode at X point in the Brillouin-zone boundary is much smaller than the value obtained from other experiments and our calculation. Considering the involvement of LA phonon at X point, we reassign the second-order Raman active modes and some other modes which have not yet been understood so far. This work clarifies some of the controversial Raman mode assignments in zinc blende and wurtzite ZnS.
I. INTRODUCTION
As one of the most important II-VI group semiconductors, zinc sulfide ͑ZnS͒ with a wide direct band gap of 3.8 eV has been extensively investigated and used in electroluminescent devices, flat panel displays, infrared windows, sensors, and lasers. 1, 2 Good knowledge of the vibration properties of the materials is crucial to the understanding of the transport properties and phonon interactions with the free carriers because they have great impact on optoelectronic device performance. In polar semiconductors, carriers excited to the conduction band relax to their ground state mainly by Fröhlich interaction with the longitudinal optical ͑LO͒ phonons. 3 Thus, the dynamics of the phonon population strongly affects the performance of high-speed optoelectronic devices. 4 The first-and second-order Raman modes in zinc blende and wurtzite ZnS have been studied since 1969. [5] [6] [7] [8] [9] However, there are still some ambiguous assignments of the Raman modes for both structures. For example, Nilsen 7 estimated the frequency of the LA mode at X point in the Brillouin zone ͑BZ͒ to be 110 cm −1 and assigned it to an LA mode. The estimated LA mode frequency at X point is far lower than the experimental value ͑210 cm −1 ͒ obtained from neutron scattering. 10 For wurtzite ZnS, Brafman et al. 6 reported that A 1 ͑TO͒ =E 1 ͑TO͒ = 273 cm −1 and A 1 ͑LO͒ =E 1 ͑LO͒ = 351 cm −1 , whereas Schneider et al. 8 reported that A 1 ͑TO͒ = 272, E 1 ͑TO͒ = 276, and E 1 ͑LO͒ = 351 cm −1 , while A 1 ͑LO͒ was not observed. Recently, another mode at 335 cm −1 was observed from wurtzite ZnS nanowires and it was assigned to the surface optical ͑SO͒ mode. 5 However, assignments of the second-order Raman modes in wurtzite ZnS have not been without controversy. 5 The density-functional perturbation theory ͑DFPT͒ has been successfully used to study lattice-dynamical properties of metals, semiconductors, and superlattices. 11 The firstorder Raman peak position can be predicted by the first-order response because it depends on the frequency of the optical phonon at the BZ center. 11 The recent approach developed by Lazzeri et al. 12 in calculating the first-order Raman mode intensity using the Placzek approximation have been adopted to study the phonon properties in various semiconductors such as BC 2 N, AlN, and SnO. [13] [14] [15] [16] For these materials such as ZnO and BN, the calculation results were found to interpret more accurately second-order Raman spectra by combining the phonon band structure, phonon density of states ͑PDOS͒, and symmetry selection rules. 3, [17] [18] [19] However, experimental results concerning phonon band structure and PDOS of wurtzite ZnS have not been provided because large enough single crystals of wurtzite-type ZnS of high quality
are not yet available for neutron scattering studies. Hence, in order to assign the modes in the second-order Raman spectra of wurtzite ZnS, it is necessary to calculate the phonon band structure and PDOS.
In this paper, we present a comprehensive study on the first-and second-order Raman spectra of zinc blende and wurtzite ZnS by combining micro-Raman-scattering experiments with first principles calculation. We find that in the first-order Raman features of the two polymorphs, the A 1 ͑TO͒ and A 1 ͑LO͒ modes, are too close in frequency to be distinguished from the E 1 ͑TO͒ and E 1 ͑LO͒ modes, respectively. With regard to the second-order Raman features, by comparing the experimental results with the calculated phonon band structure and PDOS, it is found that the previously estimated frequency of the LA mode at X point in zinc blende ZnS is much smaller than the value obtained from other experiments and our calculation. Considering the participation of the LA phonon at X point, we reassign the second-order Raman active modes. By carrying out a comprehensive assignment of the measured second-order Raman a͒ Author to whom correspondence should be addressed. Electronic mail: hkxlwu@nju.edu.cn. modes, we also clarify the origins of some other modes which have not yet been well understood so far.
II. EXPERIMENTAL AND THEORETICAL DETAILS
Commercial high-quality zinc blende ZnS powders were used in our experiments. Since high-quality single crystal wurtzite ZnS is not yet available, wurtzite ZnS nanoribbons synthesized by a hydrothermal growth method 20 were used in our Raman measurement. The ZnS nanoribbons had a mean width of about 200 nm and a length of about 1 m. The Raman spectra were obtained upon excitation with the 514.5 nm line of an Ar + laser on a T64000 triple Raman system of JobinYvon Co. The calculations were performed with QUANTUMN-ESSPRESSO code 21 within the framework of ab initio psedudopotential DFPT. 11 We employed the normconserving pseudopotentials with generalized gradient approximation in Troullier-Martins type and a 80 Ry plane wave cutoff energy and 8 ϫ 8 ϫ 8 Monkhorst-Pack mesh of points in the BZ integration. The estimated energy error in self-consistency was less than 10 −12 a.u.. Relaxation was performed until the total energy changed by less than 10 −5 a.u. and the components of forces were smaller than 10 −4 a.u. during geometry optimization. To calculate the lattice dynamic properties, we used the calculated equilibrium lattice constants of a = 5.40 Å for zinc blende and a = 3.81 Å, c / a = 1.64 for wurtzite ZnS. These values are close to the experimental results.
III. RESULTS AND DISCUSSION

A. First-order Raman scattering of ZnS
Figures 1͑a͒ and 1͑b͒ depict the Raman spectra acquired from the zinc blende powders and wurtzite-type ZnS nanoribbons at 80 K, respectively, together with the first-order Raman spectra generated by DFPT calculation. Before comparing our results with previously reported data, we first present an overview of first-order Raman scattering from zinc blende ZnS. Zinc blende ZnS belongs to the point group T d ͑43 m͒ having two atoms per primitive unit cell and thus has three optical phonons with T 2 = ⌫ 15 symmetry. The optical modes, which may be easily observed by first-order Raman scattering, are doubly degenerate TO and single LO phonon with a higher frequency. The identity of these modes is well established by their polarization characteristics as described by published infrared and Raman studies.
6,7 Our measured T 2 ͑TO͒ and T 2 ͑LO͒ modes near the BZ center are located at 278 and 351 cm −1 , which are consistent with the previous Raman studies for zinc blende ZnS ͑Refs. 6 and 7͒ and our presently calculated results. The experimental and calculated frequencies of the first-order Raman active modes of cubic ZnS are summarized in Table I . The experimental Raman spectrum of zinc blende ZnS shown in the inset of Fig. 1͑a͒ discloses an additional broad peak from 250 to 280 cm −1 and its origin will be discussed later. Wurtzite ZnS belongs to the space group C 6v ͑6 mm͒ with 2 f.u. in the primitive cell. The zone-center optical phonons can be classified as the following irreducible representations: ⌫ opt =A 1 +E 1 +2E 2 +2B 1 . The B 1 modes are silent modes, A 1 and E 1 modes are polar modes and are both Raman and infrared active, and E 2 modes are nonpolar and Raman active only. The frequencies of the Raman active modes of wurtzite ZnS are listed in Table II ͑including the experimental and theoretical results͒. The lower E 2 1 mode is absent from our experimental results because the measurement range of our spectrometer is from 200 to 800 cm −1 . In addition, our experimental results are close to previous reports with small deviation due to different temperatures and lattice strains in the samples. The inset of Fig. 1͑b͒ shows three modes, 275, 279, and 285 cm −1 corresponding to the A 1 ͑TO͒, E 1 ͑TO͒, and E 2 2 modes in the broad peak ranging from 250 to 300 cm −1 , which can be elucidated by our calculation results ͑287, 288, and 296 cm −1 ͒. The measured frequencies of the A 1 ͑LO͒ and E 1 ͑LO͒ modes are too close to be distinguished that we assign them both to 351 cm −1 . In addition, the calculated frequencies of the two modes are at 347 and 350 cm −1 , which have a discrepancy of only 3 cm −1 . It should be mentioned that the frequency of the mode at 339 cm −1 observed from our experiment is the SO mode, which has been discussed in a previous study on wurtzite ZnS nanowires. 
B. Second-order Raman scattering of ZnS
Since phonons with wave vectors throughout the whole BZ are involved, momentum conservation in the secondorder Raman scattering experiments is not restricted to the BZ center. Thus, the intensity of the second-order mode reflects the PDOS, which in turn is related to phonon dispersion. The various characteristics of the second-order Raman spectrum stem from variations in the PDOS and selection rules governing various scattering processes ͑combinations and overtones͒.
The second-order Raman effect in zinc blende ZnS has been reported by Nilsen 7 by combining experiments and theoretical selection rules at the three most important high symmetry critical points ͑X, L, and W͒ at the BZ boundary. The general selection rules for two-phonon Raman scattering in crystals with the zinc blende structure reported by Birman 22, 23 are ͑i͒ all possible two-phonon combinations and overtones are Raman allowed at the critical points X, L, and W, and ͑ii͒ most overtones and combinations have A 1 symmetry except for the combinations at X point.
The calculated phonon band structure and PDOS of zinc blende ZnS are shown in Fig. 2 . The phonon band structure is consistent with the previous neutron scattering experiments. 10 According to the phonon dispersion spectrum, we assign the symmetry species of the crystal vibrations at the three critical points X, L, and W. At point X, the point group of the space group is D 2d , and at point L, the point group is C 3v . For the X and L points, only four distinct branches are present because of the degeneracy in the transverse-polarized modes. Also, the polarizations are well defined. That is, the vibrations are either purely transverse or purely longitudinal. At the critical point W, the point group is S 4 so that only one order degeneracy exists. These modes are no longer divided into purely longitudinal or transverse polarized modes at critical point W. The following phonon frequencies at the BZ boundary ͑X͒ ͓TA= 76, LA= 212, TO = 318, and LO= 326 cm −1 ͔, ͑L͒ ͓TA= 58, LA= 193, TO = 299, and LO= 338 cm −1 ͔, and ͑W͒ ͓91, 109, 192, 304, 319 and 341 cm −1 ͔ are taken from the calculated phonon band structure shown in Fig. 2͑a͒ .
From Fig. 3 , we can divide the second-order spectra into three regions: ͑i͒ the low-frequency region ͑approximately 0 -400 cm −1 ͒ dominated by acoustic overtones, ͑ii͒ the highfrequency region ͑540-800 cm −1 ͒ formed by optical overtones and combinations, and ͑iii͒ the intermediate-frequency region ͑400-540 cm −1 ͒, where optical and acoustic phonon combinations occur. It should be mentioned that the previously estimated frequency of LA at X point is 110 cm −1 , 7 which is quite low compared to our calculated result and the previous experimental value ͑212 cm −1 ͒. 10 Thus, the previously assigned peak at 218 cm −1 in the low-frequency region should not be the LA overtone at X ͑Ref. 5͒ because the LA overtone at X should be 414 cm −1 . According to Fig.  2͑b͒ , we can assign the mode at 218 cm −1 in Fig. 3͑a͒ to the acoustic phonon combination at W. There is another peak at 312 cm −1 , which is absent from the previous report. 7 The broad band at 262 cm −1 mentioned above can be attributed to the combination of two phonons at W. Figure 3͑a͒ indicates that the peak at 312 cm −1 is very close to the peak of PDOS at 307 cm −1 . Therefore, we regard it as a disorderinduced first-order Raman spectrum representing the density of phonon states along X-W-L. From Fig. 3͑b͒ , we can find that the TO overtones at L and X points are at 618 and 643 cm −1 in the high-frequency region, respectively. The LO overtone at ⌫ is found at 677 cm −1 , while the TO overtone at ⌫ is absent from our Raman measurement. In the intermediate-frequency region, there are three main modes at 401, 424, and 458 cm −1 . Since we have distinguished the phonon energies at X, L, and W in BZ, we can assign the combination bands at 401, 424, and 458 cm −1 to TO+ LA at X, TO+ TA at L and LO+ TA at X, and 2͑0͒ at W, respectively. The frequencies of the experimental and theoretical second-order Raman modes as well as the assignments are summarized in Table III. The selection rules for two-phonon Raman scattering in crystals with the wurtzite structure were reported by Siegle et al. 19 The following general rules can be drawn. ͑i͒ Overtones always contain the representation A 1 while combinations belonging to different irreducible representations never contain A 1 . ͑ii͒ More overtones or combinations become allowed with decreasing symmetry of the point in the BZ considered. ͑iii͒ A consequence of the different packing sequence of wurtzite compared to zinc blende is to have the BZ dimension in the cubic ͑111͒ direction, which is followed by folding of the phonon branches at the new zone boundary. We use the phonon dispersion and phonon DOS shown in Fig. 4 and the symmetry selection rules for two-phonon Raman scattering reported by Siegle et al. 19 to identify the secondorder features in the wurtzite ZnS Raman spectrum, as displayed in Fig. 5 . Accordingly, we can also divide the secondorder spectra of wurtzite ZnS into three regions: ͑i͒ the lowfrequency region ͑approximately 0 -400 cm −1 ͒ dominated by acoustic overtones, ͑ii͒ the high-frequency region ͑540-800 cm −1 ͒ formed by optical overtones and combinations, and ͑iii͒ the intermediate-frequency region ͑400-540 cm −1 ͒ where optical and acoustic phonon combinations occur.
In the low-frequency region ͓Fig. 5͑b͔͒, a weak peak at 219 cm −1 is assigned to LA overtones along M-K, where phonon dispersion is nearly flat ͑see Fig. 4͒ and hence the DOS is very high. Above 380 cm −1 , we find the acoustic and optical combinations. For instance, the broad weak peak at 402 cm −1 can be assigned to TA+ TO along the M-L-H line and the peaks at 427 and 454 cm −1 can be assigned to TA + LO and LA+ LO at L and M points for flat phonon dispersion in the two points. The second-order Raman scattering in the high-frequency region corresponds to LO overtones and combinations involving LO modes. From Fig. 5͑b͒ , we find that the calculated frequencies derived from PDOS and multiplied by 2 show two main broad bands above 540 cm −1 which are consistent with the measured Raman spectrum in this region. Moreover, in order to assign the experimental peaks above 540 cm −1 , we compare the PDOS sharp peaks and corresponding critical points in BZ ͑see to the combinations of TO and LO modes at the H, M, and L points. The highest peak at 698 cm −1 has no corresponding high PDOS in Fig. 5͑b͒ , so it may not be associated with the flat phonon dispersion line in BZ. In addition, the highest mode frequency is at 698 cm −1 , which is higher than the 2LO overtone along the H-K line at 676 cm −1 , so this mode may be the 2LO overtones in some critical points other than H-K in BZ. By comparing the LO phonon frequencies at the critical points in BZ, we assign the highest mode at 698 cm −1 to the contributions of 2E 1 ͑LO͒ mode at ⌫ and 2LO modes from A and M points. The frequencies and assignment of the second-order Raman modes are summarized in Table IV .
IV. CONCLUSION
First-and second-order Raman scattering from zinc blende and wurtzite ZnS are studied experimentally and theoretically. The experimental first-order Raman spectra of zinc blende and wurtzite ZnS are consistent with previous reports and our present calculated results. The observed modes in the second-order Raman spectra of zinc blende and wurtzite ZnS are assigned in terms of the calculated phonon band structure, PDOS, and symmetry selection rules. For zinc blende ZnS, we find that the previously estimated frequency of LA mode ͑110 cm −1 ͒ is much smaller than the value ͑212 cm −1 ͒ obtained from other experiments and our calculation. We reassign the second-order Raman active modes considering the participation of LA phonon at X point such as the two-phonon combination modes at W point ͑450 cm −1 ͒, which has been previously assigned to LO and LA combination at X point. For wurtzite ZnS, we provide comprehensive assignment of the measured second-order Raman modes for the first time. 
